h Four Xanthomonas species are known to cause bacterial spot of tomato and pepper, but the global distribution and genetic diversity of these species are not well understood. A collection of bacterial spot-causing strains from the Americas, Africa, Southeast Asia, and New Zealand were characterized for genetic diversity and phylogenetic relationships using multilocus sequence analysis of six housekeeping genes. By examining strains from different continents, we found unexpected phylogeographic patterns, including the global distribution of a single multilocus haplotype of X. gardneri, possible regional differentiation in X. vesicatoria, and high species diversity on tomato in Africa. In addition, we found evidence of multiple recombination events between X. euvesicatoria and X. perforans. Our results indicate that there have been shifts in the species composition of bacterial spot pathogen populations due to the global spread of dominant genotypes and that recombination between species has generated genetic diversity in these populations.
U
nderstanding the evolution and host specificity of plantpathogenic bacteria is an ongoing challenge. Strains of phytopathogenic bacteria commonly exhibit high host specificity, with host ranges restricted to one or a few plant species (1, 2) . Bacterial plant pathogens also exhibit biogeography, such that species can be limited in their geographic distributions (3) . Globalization of agriculture has contributed to the dispersal of phytopathogenic bacteria, but the geographic ranges of species are not well characterized, in part because of the difficulty in differentiating phylogenetically distinct strains that have similar host specificities (4) . Phenotypic characters can sometimes distinguish species with similar host specificities, but classification by molecular markers is often required due to variation in phenotypic traits within species (5) . Phenotypes can also dramatically differ among strains within a species due to acquisition and loss of genes related to pathogenicity and fitness (4) . Bacterial evolution is driven by point mutations, variation in gene content, recombination, and selection on the resulting phenotypes (6) . Phylogenetic relationships among species are defined by point mutations in the genome that accumulate over time; however, these relationships can be obscured by polymorphisms that have been distributed to other closely related species via homologous recombination and horizontal gene transfer (7) . These events can introduce conflicting phylogenetic signals between genes that have been vertically inherited versus horizontally acquired (8) . The possibility of infection of a single host plant by multiple species may increase the probability of genetic exchange (9) . Coinfection by multiple species may be more common as pathogens are moved out of their native geographic ranges.
Multilocus nucleotide-sequence-based approaches help in resolving phylogenetic relationships of bacteria within and between species (10). Multilocus sequence typing (MLST) and analysis (MLSA) are two approaches used to analyze multiple housekeeping genes that are conserved in sequence and present in strains of closely related species. MLST is useful in grouping strains from different groups of species but is limited by the sequence diversity based on allelic mismatches observed within the same species (10) . In contrast, MLSA makes use of concatenated nucleotide sequences of the housekeeping genes for characterization of more diverse strains representing multiple species within a genus by constructing phylogenetic trees (10, 11) . Since the method is based on the nucleotide sequence, it provides unambiguous results that are directly comparable, unlike randomly amplified polymorphic DNA (RAPD) or other anonymous marker systems. Since Gevers et al. (10) described the MLSA method; it has been applied to numerous pathogenic and nonpathogenic bacteria. Housekeeping genes also are subject to homologous recombination and help to approximate the extent and impact of recombination in bacterial evolution (12) . As a result, MLSA has been used to estimate rates of recombination, which vary widely among bacterial species (13) . Because recombination and horizontal gene transfer can result in qualitative differences in phenotype between phylogenetically closely related strains, pathogenicity tests and phenotypic assays remain critical to characterizing strains and interpreting MLSA results.
The genus Xanthomonas comprises numerous pathogenic species infecting approximately 400 different host plants (14) . Phenotypic and phylogenetic analyses have shown a wide range of variation among Xanthomonas strains that cause bacterial spot of tomato and pepper (15, 16) . Bacterial spot is caused by four different species: Xanthomonas euvesicatoria, X. vesicatoria, X. perforans, and X. gardneri (3, 17) . Among the four species, X. euvesicatoria and X. gardneri strains are reported as pathogens of both tomato and pepper, X. perforans strains are reported only from tomato, and X. vesicatoria strains primarily infect tomato. Strains belonging to X. euvesicatoria and X. vesicatoria have a worldwide distribution (18) . X. perforans and/or X. gardneri strains increasingly have been isolated in Canada (19) , the United States and South America, and regions bordering the Indian Ocean (20) (21) (22) . These bacterial populations can also change over time. For example, the bacterial spot pathogen population on tomato in Florida shifted from X. euvesicatoria to X. perforans. Prior to 1991, only X. euvesicatoria strains were found in Florida. In a survey in 2006 and 2007, only X. perforans strains were isolated (23), corresponding to a shift in tomato races. The origin of the X. perforans strains now responsible for bacterial spot in Florida tomatoes is unknown, in part because the global distribution of this species is not well characterized.
MLSA of Xanthomonas species has been used for phylogenetics of the genus and to examine evolution via recombination. An MLSA database of Xanthomonas strains has been created using six housekeeping genes (fusA, gapA, gltA, gyrB, lacF, and lepA) (15) . MLSA has revealed recombination as a primary factor underlying the evolution of X. axonopodis (24) . Some xanthomonad populations have been reported as highly clonal, with little variation among strains collected from geographically distant locations (25, 26) . MLSA also has been applied to bacterial spot-causing xanthomonads. Strains causing bacterial spot of tomato and pepper in the southwest Indian Ocean region were examined; all four species were found (22) . A recent study found three different species responsible for bacterial spot of tomato in Ethiopia (27) , while another study found atypical strains in Grenada and India (28) . Findings of species diversity and dynamic shifts in species reported from previous regional studies prompted us to apply MLSA and MLST to a collection of bacterial spot-causing xanthomonads from diverse geographic origins. Bacterial strains representing four Xanthomonas species associated with bacterial spot of tomato and pepper collected from the Americas, Africa, Southeast Asia, and New Zealand were examined using MLSA to understand the phylogeographic diversity of bacterial spot pathogens. Our objectives were to determine the geographic distribution of the four Xanthomonas species, the extent of diversity within species, and the role of homologous recombination in generating diversity in the bacterial spot pathogens.
MATERIALS AND METHODS
Bacterial strains. Strains from multiple collections of xanthomonads isolated from tomato and pepper exhibiting bacterial spot were used ( Table  1 ). The collections were mainly from the United States and Africa, including the southwest Indian Ocean (SWIO) islands previously reported by Hamza et al. (22) , with smaller representative samples from elsewhere in the Americas, India, and New Zealand. These strains were subjected to MLSA using the six housekeeping genes fusA, gapA, gltA, gyrB, lacF, and lepA (16) . Sequences were either obtained via Sanger sequencing or extracted from whole genome sequences. The sequenced strains were compared with type strains of X. vesicatoria and X. gardneri. Reference strains from X. euvesicatoria (strain 85-10) and X. perforans (strain 91-118) were used as both these strains have been extensively characterized in previous studies (16, 29) and have sequences identical to that of the type strain from their respective species for the six housekeeping genes (16) .
Phylogenetic analysis. Sequences for six housekeeping genes from the worldwide strains along with reference Xanthomonas strains were aligned using MUSCLE within MEGA 5.2.1 (30) . The alignments were further confirmed via BioEdit software (31) . Nucleotide substitution models that best fit the aligned sequences were selected using the Akaike Information Criterion (AIC) within jModeltest 1.1 (32) . The general time reversible model with gamma-distributed invariant sites (GTRϩGϩI) model was selected and used for construction of phylogenetic trees based on maximum likelihood (ML) and Bayesian inference. Maximum likelihood phylogenetic trees based on the six housekeeping genes were constructed individually and using concatenated sequences. The maximum likelihood tree, with 1,000 bootstrap samples, inferred using RaxML was compared to ML, maximum parsimony (MP), and neighbor-joining (NJ) trees constructed using the GTRϩGϩI model in MEGA 5.2.1 (29) . MrBayes v.3.2 (33) was used for the Bayesian phylogeny, using the same substitution model with 1,000,000 Markov chain Monte Carlo (MCMC) steps, sampled every 500 steps. A burn-in period of 88,500 steps was used for the concatenated data set and 56,000 steps for the individual genes (33, 34) . Consensus trees obtained from MrBayes were visualized using FigTree version 1.4 (Institute of Evolutionary Biology, University of Edinburgh [http://tree.bio.ed.ac.uk/software/figtree/]). Results from the phylogenetic analyses, along with phenotypic assays from previous studies, were used to delineate groups of strains into species.
Analysis of diversity and recombination. Nucleotide diversity, the number of haplotypes, and the minimum number of recombination events were determined using DnaSP 5.0 (35) . DnaSP also was used for calculating class I neutrality tests (Tajima's D and Fu and Li's D* and F*) for detecting departure from the mutation/drift equilibrium (36, 37) . For these calculations, all strains were considered together and by species.
Multiple methods were used to detect recombination. Splits-decomposition trees were constructed (38) , and the pairwise homoplasy index (PHI) was calculated using SplitsTree version 4.13.1 (39) . These calculations used the concatenated genes for both the entire data set and a subset of the data that included only X. perforans and X. euvesicatoria strains. The Recombination Detection Program (RDP) version 4 combines seven nonparametric detection programs (3Seq, Chimaera, RDP, GENECONV, MaxChi, BootScan, and SiScan) to detect recombination and estimate breakpoints (40) . The default settings and a Bonferroni step-down correction method with a P value cutoff of 0.05 were applied in the analysis of the concatenated data set. Recombination breakpoints also were identified using GARD (Genetic Algorithm for Recombination Detection) (41) .
After detection of recombination, the concatenated data were used to reconstruct a nonrecombinant coalescent-based genealogy using ClonalFrame 1.1 with the default settings (42) . The MCMC used a burn-in period of 50,000 steps sampled every 100th step. Mutational rate (), intragenic recombination rate (R), average length of recombination event (␦), and the rate of new polymorphism generated due to recombination were estimated along with time to most recent common ancestor (TMRCA) for all strains and for each species group. Outputs were used to calculate the impact of recombination to mutation (r/m) and to measure the rate of recombination per site relative to mutation rate (/) for each species and the full collection. Nucleotide sequence accession numbers. The six housekeeping gene sequences for four reference Xanthomonas strains were obtained from the Plant-Associated and Environmental Microbes Database (PAMDB) online database (www.pamdb.org). The sequenced genes have been deposited into the National Center for Biotechnology Institute (NCBI) database under the following accession numbers: fusA, KF994809 to KF994819, KJ938581 to KJ938587, and KM491929 to KM492062; gapA, KF994820 to KF994830, KJ938588 to KJ938594, and KM492063 to KM492196; gltA, KF994831 to KF994841, KJ938595 to KJ938601, and KM492197 to KM492330; gyrB, KF994896 to KF994906, KJ938602 to KJ938608, and KM492331 to KM492464; lacF, KF994874 to KF994884, KJ938629 to KJ938635, and KM492465 to KM492598; and lepA, KF994885 to KF994895, KJ938636 to KJ938642, and KM492599 to KM492732.
RESULTS
Phylogenetic characterization. Phylogenetic analysis of the worldwide strain collection showed different patterns of variation within species as well as various species compositions across geographic locations ( Fig. 1 and Table 1 ). Table 2 lists the haplotypes, based on nucleotide sequence, found for each housekeeping gene. In our sample of 29 X. gardneri strains, 28 had identical sequences across six housekeeping genes ( Table 2 ; see Fig. S1 in the supplemental material). The exception was strain ICMP7383, isolated in New Zealand in 1980. This strain differed from the X. gardneri type strain in four of six housekeeping genes by 2, 4, 10, and 12 nucleotides in genes lacF, fusA, gyrB, and gapA, respectively.
Among the nine X. vesicatoria strains in our collection, three multilocus haplotypes were observed ( Fig. 1 and Table 2; see Fig. S1 in the supplemental material). The multilocus haplotype that included the type strain of X. vesicatoria was found in strains from New Zealand and Ethiopia, and strains with this haplotype will be referred to as X. vesicatoria group 1. A second haplotype was identified from two strains isolated in South America and one strain from Ethiopia (strains 56, 144, and ETH17); these strains are collectively referred to as X. vesicatoria group 2. This haplotype varied in genes gyrB and gapA by 1 and 12 nucleotides, respectively. A third multilocus haplotype was identified only from the SWIO region, specifically the African islands of Reunion and Madagascar, and strains with this haplotype will be referred as X. vesicatoria group 3. This haplotype varied in gyrB and fusA genes by 1 and 2 nucleotides, respectively, and by 8 nucleotides in both gapA and gltA, respectively. The gyrB gene was identical in sequence in groups 2 and 3.
X. euvesicatoria had the greatest representation in our collection, and we detected at least three multilocus haplotypes. The first haplotype, represented as X. euvesicatoria group 1, with 55 strains, was identical to X. euvesicatoria reference strain 85-10 across the six genes (Fig. 1, Table 2 , and Table 3 ). Eight strains (ICMP3381, LD50, LD53, LMG907, LMG908, LMG918, 330, and 338) shared a multilocus haplotype that was distinct from that of strain 85-10. These strains will be referred to as X. euvesicatoria group 2. The X. euvesicatoria group 2 strains had distinct sequences for genes fusA and gapA (Table 2) that varied by 2 and 8 nucleotides, respectively (see Fig. S2A and B in the supplemental material). Genealogies showed the fusA and gapA variant sequences form a sister clade to the X. perforans-X. euvesicatoria clade. Strain 1605, an amylolytic strain isolated from Ohio, contained a lepA haplotype that shared 100% sequence similarity with the X. perforans type strain, whereas the other genes produced the group 1 X. euvesicatoria haplotype (see Fig. S2F ).
Many of the X. perforans strains had identical haplotypes to reference strain 91-118 ( Fig. 1 and Table 2 ; see Fig. S1 in the supplemental material). Phylogenetic analysis based on individual genes showed that some of the X. perforans strains isolated from Florida in the years 2006 and 2012 had gapA and gyrB sequences identical to those of the X. euvesicatoria strains (see Fig. S2B and D in the supplemental material). These strains are collectively designated X. perforans group 2, and the collection of strains identical to the type strain have been designated X. perforans group 1. Surprisingly, strains NI1, NI4, NI5, and NI7 from Nigeria, which were identified as X. perforans based on phenotypic characterization and hrpB sequences (42), had a unique combination of housekeeping gene sequences (see Fig. S2A to F) . These atypical Nigerian strains had fusA and gyrB genes identical to those of X. perforans group 1, but the gltA and lacF genes were identical to those in X. euvesicatoria group 1 (see Fig. S2A and D versus Fig. S2C and E). These strains also contained a gapA sequence that differed from the atypical gapA sequence of X. euvesicatoria group 2 by only one nucleotide, and the lepA gene sequence was distinct from those of all other X. euvesicatoria and X. perforans strains (see Fig.  S2B and F) .
Genealogy reconstruction and recombination analysis. Nucleotide diversity and Watterson's theta (w) showed greater sequence variation in our sample of X. vesicatoria than the other bacterial spot-causing Xanthomonas species (Table 3 ). Tajima's D and Fu and Li's D* and F* statistics showed that there was significant departure from the mutation drift equilibrium within X. vesicatoria and X. gardneri species, which may be explained by the equal distribution of polymorphisms in X. vesicatoria (positive values of the statistics) and low frequency of variants in X. gardneri (negative values). Mutation drift statistics were nonsignificant for X. perforans and X. euvesicatoria, but unique recombination events were observed within X. perforans species and when data for these two species were combined (Table 3) . Table 1 . Group 1 of X. vesicatoria, X. perforans, and X. euvesicatoria includes type strains in addition to the strains listed in the table. Phylogenetic networks were generated because individual maximum likelihood phylogenies showed incompatible topologies, suggesting recombination. The splits-decomposition phylogenetic tree inferred from concatenated housekeeping gene sequences confirmed incompatibilities and recombination within X. euvesicatoria and X. perforans (Fig. 2) . The pairwise homoplasy index (PHI) rejected the hypothesis of no recombination in the whole set of strains, and the same result was obtained when only X. euvesicatoria and X. perforans were considered (Table 4) . Genetic Algorithm for Recombination Detection (GARD) found evidence for 3 recombination breakpoints in the concatenated genes of the whole data set. The Kishino-Hasegawa test of tree congruency indicated one significant breakpoint in the lacF gene. The Recombination Detection Program (RDP) detected recombination between X. euvesicatoria and X. perforans in 6 out of 7 methods (Table 5 ). The genes lepA, fusA, and gapA were identified as potential recombinants, but the different algorithms varied in the strains identified as probable recombinants, which included X. euvesicatoria 1605, the X. perforans group 2 strains, and the atypical Nigerian strains. The X. euvesicatoria group 2 strains were identified as potential recombinants by only 2 algorithms (data not shown).
The program ClonalFrame was used to calculate the mean relative impact of recombination to mutation (r/m) on sequence variation. Recombination had 18 times higher impact than point mutation (r/m ϭ 18.516) for the whole data set, but the rate of occurrence of recombination was only slightly higher than the rate of mutation (/) at 1.97, The mean tract length of recombinant sequence (␦) was 843 bp (95% confidence interval [CI], 602 to 1,099 bp), which is approximately the length of two arbitrarily concatenated genes. When species groups were considered separately, recombination was more frequent than mutation within species (Table 6) . A dot plot of the 50% consensus tree shows inferred ancestral relationships under clonal descent, meaning that it attempts to remove the effects of recombination (Fig. 3) . The X. perforans group 2 strains share an ancestor with the X. perforans group 1 strains, as would be expected if the variant genes were introduced via homologous recombination. In contrast, the atypical Nigerian strains (NI1, NI4, NI5, and NI7) and X. euvesicatoria group 2 share an ancestor that is distinct from the ancestry of the X. euvesicatoria reference strain.
DISCUSSION

Bacterial spot of pepper and tomato is caused by four different
Xanthomonas species with dynamic global distributions. We characterized strains collected from different geographical locations by MLSA and found that recombination between species is shaping the diversity of some bacterial spot pathogen populations. Homologous recombination should be more likely between closely related strains due to sequence similarity (43) . However, recombination is difficult to detect when it occurs between highly similar sequences; thus, some sequence divergence is required to identify recombinant sequences (44) . In Xanthomonas, recombination in housekeeping genes has been observed when there is sequence variation within a species (45) and among closely related pathovars in a species complex (23) . We found statistically sup- a All calculations were made using DNAsp v.5 software. While calculating different parameters for the whole set, strain ETH12 was also used, but since it was not possible to define a species group for that strain, it was not included in other parameter calculations. b n, number of strains; H, number of haplotypes; S, total number of segregating sites; ND, nucleotide diversity; w, Watterson's theta; NM, number of mutations; NSM, number of singleton mutations. c R, minimum number of recombination events. d NS, not significant. ported recombination events in the phylogenetic clade, including both X. euvesicatoria and X. perforans. Phylogenetic analyses consistently show these species to be closely related (16, 29) . At the same time, these species can be easily differentiated using nucleotide sequence variation in the hrpB gene (46) or the housekeeping genes used in this study, for which reference strains show about 1% divergence. Our sample included an X. euvesicatoria strain (strain 1605 from Ohio) that had apparently acquired DNA from X. perforans, as well as multiple X. perforans strains that contained sequences from X. euvesicatoria. Identification of such events in bacterial spot Xanthomonas points to potential sources of variation and diversity within the pathogen population. One group of recombinant X. perforans strains was collected from tomato in Florida. Prior to 1991, only X. euvesicatoria was responsible for bacterial spot disease of tomato in Florida (47) . X. perforans tomato race 3 was identified in Florida in 1991, followed by identification of tomato race 4 in 1998. A subsequent survey of 377 bacterial spot strains recovered only X. perforans from tomato lesions throughout Florida, with a nearly 2:1 frequency of race 4 to race 3 strains (23) , and a recent survey of 175 strains in 2012 recovered only race 4 strains (S. Timilsina, G. E. Vallad, and J. B. Jones, unpublished data). In this study, we found that X. perforans race 4 strains collected in 2006 and 2012 contained two housekeeping genes from X. euvesicatoria. Other race 4 strains had the same multilocus haplotype as the X. perforans reference strain. We also found a single strain, Xp4-20, collected in 2006, that had X. euvesicatoria-derived sequence at a different gene, suggesting multiple independent events in which X. perforans acquired DNA from X. euvesicatoria. Frequent exchange of plasmid material has been reported between the strains of Xanthomonas (48) . Horizontal gene transfer among the strains of X. axonopodis pv. vesicatoria also has been identified in planta (49) . Although the frequency of exchange of genetic material is higher for plasmids than for the chromosome, these results suggest there is a potential for genetic exchange when species share the same host. Displacement of X. euvesicatoria by X. perforans on tomato may be attributed to production of bacteriocins by X. perforans, resulting in a competitive advantage over X. euvesicatoria (50) . However, the reasons for the recent race shift in X. perforans in Florida, as well as the impact of recombination in race 4, remain unknown. In contrast to the dynamic changes in Xanthomonas populations on tomato, our results revealed that X. euvesicatoria strains collected from pepper in the United States have had the same multilocus haplotype over a 20-year period.
Our finding of an apparent mix of housekeeping genes from different Xanthomonas species in four of the sequenced Nigerian strains is perplexing. Of the six sequenced housekeeping genes, two genes were alleles common to X. perforans, two genes were alleles common to X. euvesicatoria, and another two genes are unique and may be from two other closely related but unknown Xanthomonas species. These strains were studied previously for pathogenicity and phenotypic characters (51) . Based on reactions on tomato differentials and hrpB sequence, the atypical Nigerian strains were identified as X. perforans tomato race 3. Pectolytic and amylolytic activity also was observed in these atypical Nigerian strains. However, based on similarity to X. euvesicatoria strains at three of the MLSA genes, phylogenetic and ClonalFrame analysis of the concatenated genes grouped these atypical Nigerian strains with X. euvesicatoria, rather than X. perforans. Additional data will be required to understand the evolution of the atypical Nigerian strains.
Recombination was previously detected in X. euvesicatoria in the atpD gene, but this locus was not used in our MLSA study (28, 52) . Using our MLSA genes, the X. euvesicatoria group 2 strains similarly contained a potentially recombinant sequence from an unknown donor. Two X. euvesicatoria group 2 strains were collected in India in 1957 and 1971 (28) ; therefore, X. euvesicatoriagroup 2 strain sequences are not a new sequence type. Together with results from the atypical Nigerian strains, these findings indicate that recombination between species is not limited to X. euvesicatoria and X. perforans but also may occur with other closely related Xanthomonas species. Identification of atypical and variant strains will be a key in understanding future population diversity and the evolution of those Xanthomonas spp. that cause bacterial spot. Some of the strains analyzed here were genetically characterized in previous studies focused only on specific geographic locations (22, 27, 51) . Examination of all strains together revealed unexpected patterns of genetic variation, including the global distribution of dominant multilocus haplotypes of X. euvesicatoria, X. gardneri, and X. perforans, possible regional differentiation of X. vesicatoria, and the presence of X. euvesicatoria group 2 in both India and the Americas. In a small sample of only nine strains of X. vesicatoria, three multilocus haplotypes were found: X. vesicatoria group 1 included the type strain along with strains from New Zealand and Ethiopia, X. vesicatoria group 2 included strains from South America and Ethiopia, and X. vesicatoria group 3 was identified only from the islands in southwest Indian Ocean (SWIO) region. These results are consistent with a previous analysis of strains from the SWIO region using a different MLSA scheme (22) . In contrast to the other species, X. vesicatoria may exhibit regional differentiation in MLSA genes. A previous analysis, based on a different MLSA scheme supported by amplified fragment length polymorphism (AFLP) data, identified five clades in a worldwide strain collection of X. vesicatoria (28) . The strains from South America and Ethiopia differed from the type strain by 12 nucleotides in the gapA gene. Compared to available sequences in the NCBI database, this gapA sequence was most closely related to X. arboricola, which is in the same MLSA clade as X. gardneri (16) . A similar result was obtained in a study of bacterial spot strains from Tanzania, which found strains with an fyuA gene sequence similar to that of Xanthomonas arboricola (53) .
We found only two haplotypes of X. gardneri, one represented by a single strain that was isolated in 1980 from New Zealand. The genetic divergence of this strain was previously reported (22) . Although quite rare after its first report in 1957 as Pseudomonas gardneri, the global distribution of X. gardneri has increased dramatically over the past 2 decades (18). It is striking that there was no genetic variation in the six genes among strains from Canada, the United States, Costa Rica, Brazil, Ethiopia, and Reunion and in the four genes analyzed previously (28) . Interestingly, no sequence variation was observed between the type strain of X. gardneri isolated in 1953 (reported in 1957) from the former Yugoslavia and those strains recently collected. The lack of diversity and the sudden geographic expansion of X. gardneri are likely associated with the global movement of seed (26) .
International trade in seeds is likely affecting distribution of all four bacterial spot species. It is notable that in Ethiopia, Nigeria, Tanzania, and the SWIO islands, three or more different species are found within tomato-growing regions, whereas in the United States, there appears to be a single dominant species in each region. The presence of multiple species may be due to the import of seeds or plant material from multiple sources. Although we have good representation of strains from some geographic locations, more extensive sampling of different growing regions would be necessary to test this hypothesis. MLSA using six genes also may not capture enough of the variation within species and populations to make conclusions regarding the global movement of strains. A thorough understanding of the evolution of xanthomonads causing bacterial spot of tomato and pepper throughout the world would require a collaborative next-generation sequencing approach.
In conclusion, using a wide geographic representation of strains from Xanthomonas species responsible for bacterial spot of tomato and pepper, we were able to detect recombination among species and begin to characterize their global distribution. The recombinant sequences are conserved housekeeping genes that are not expected to confer a fitness advantage to the strain upon acquisition of a new allele. These results indicate that homologous recombination among xanthomonads could be occurring throughout the genome. Given the potential importance of inter- specific recombination in shaping diversity of bacterial spot pathogen populations, it should be determined if genetic exchange among species has introduced variation in pathogenicity and other fitness-associated genes.
